Abshaet-Measurements of near-field mutual coupling between two moderate sized microwave antennas were performed and compared to cougling calculated using reeently developed computer programs. Required input data for the programs are the complex far-field radiation patterns of the antennas and various geometrical factors describing the relative positions and orientations of the two antennas. Measured and cdculated coupling as a function of both transverse and radial displacement showed good agreement.
I. INTRODUCTION Recent theoretical work at the National Bureau of Standards has led to the development of computer programs which can efficiently calculate the coupling loss between two antennas regardless of their separation. Thus near-field as well as far-field coupling may be calculated [ 
11.
Two computer programs have been developed which calculate the coupling loss b,'/uo between two antennas as a function of transverse displacement and as a function of radial displacement. bi is the amplitude of the wave emerging from the waveguide feed of the receiving antenna ahd uo is the amplitude of the wave incident in the waveguide feed of the transmitting antenna, as illustrated in Fig. 1 . The program CUPLNF, which calculates coupling versus transverse displacement, was documented previously [2] . Program CUPLZ, for coupling versus longitudinal displacement, is discussed in [ i]. The required data for the calculation are the far-field patterns (amplitude and phase) for the two antennas, and the geometrical factors which define the relative orientation and separation of the two antennas.
E. DESCRIPTION OF MEASUREMENT PROCEDURE
In order to verify the coupling formulation experimentally, coupling between two pairs of antennas was measured. The first antenna was a 1.2 m paraboloidal reflector antenna having a power gain of approximately 30 dB and a half-power beamwidth of 4.5". The second antenna was a 25-element microstrip array having a power gain of approximately 22 dB and a half-power beamwidth of
15".
Far-field radiation patterns necessary for the calculation of nearfield coupling were obtained from probe-corrected near-field measurements on the reflector and array antennas [3]. The region over which a valid far-field pattern is obtained using near-field techniques is detefiniaed by the aperture size and scan areas as was shown by the error analysis of Yaghjian Coupling measurements were performed using the National Bureau of Standards ( N B S ) near-field scanner which allows precise determination of the relative orientation of the two antennas. The microstrip array was mounted on the x-y positioner of the near-field scanner. Two wedges were also available to allow the microstrip array to be rotated.about a vertical axis by angles of 21.6" or 30.3". The reflector antenna was mounted on an azimuth positioner which travels on a pair of precision rails oriented perpendicular to the plane of the x-y scanner. Thus the relative position of the antennas could be changed in either a transverse (x or y ) ,or radial direction.
In all cases, the polarization vectors for the antennas were parallel and oriented in the y-direction. The current versions of the coupling 
where C' is a constant which includes the mismatch correction and f and f ' are the free space, far electric field radiation pattern of the transmitting and receiving antennas, respectively. The propagation vector is k = k x~x + k y~~+ y~~= K + y~~. Ikl=2a/A with X the wavelength. The location of the receiving antenna in the common coordinate system is r = R + di$. The e-'"' time convention is employed throughout.
Yaghjian has also shown that, for most cases, the integration range may be limited to IK/kl < (DT + DR)/d where D7. and DR are the diameters of the smallest spheres circumscribing the radiating part of each antenna (including feeds, struts, edges and all other parts of the antennas which radiate or affect the reception significantly). The restriction of the integration limits amounts to using only those rays which originate from a point on one antenna and intersect a part of the other antenna. This range should give good results for IRI 5 (DT + DR). The restriction of the integration range also has the effect of artificially bandlimiting the integrand so that the sampling theorem may be applied in order to convert the integration to a summation. Two parameters, XLIM and BFAC, control the actual integration range and increment employed in the program. The actual integration range used is
The actual increment value used is
We also note that K-lk is never allowed to exceed 0.9 in the program, so that the evanescent spectrum is never approached too closely. Numerous measurements were performed to investigate the technique under a variety of circumstances [SI. In this communication,
however, we only present the results for a limited number of cases.
As will be seen, agreement between measured and calculated coupling loss was generally good. The one case where a severe discrepancy was noted will be shown and discussed. In addition, we will illustrate the effect of changing the integration limit and the increment on the results of the calculation. For each case, we present a plot of measured and calculated coupling loss for a transverse displacement in the x or y direction. In all cases, rotations are about they (vertical) axis. Polarization of each antenna is nominally vertical. Rotations were limited to +30" for both the array and reflector antennas because rotation to angles greater than this would require a large angular segment of radiation pattern which could not be determined from the near-field measurements .
The magnitude of the measured coupling seems to diverge slowly as the antennas are turned so that their boresight direction deviates from the z-axis in the common coordinate system. In almost every case, the experimentally determined coupling is larger than the calculated coupling. The average discrepancy is approximately 1 dB with a maximum observed discrepancy of 3 dB. A number of possible causes of the discrepancy have been investigated including errors in the program, improper normalization, and erroneous insertion loss measurement at the reference point. However, these possible sources of error are not large enough to account for the observed discrepancy.
In Figs. 2-4 , three cases of measured and calculated coupling loss are illustrated for transverse displacement of the microstrip antenna. The first and third show good agreement between the experimentally and theoretically obtained losses. Fig. 2 illustrates a case where each antenna is steered with its boresight direction away from the common coordinate system z-axis. The peaks in the coupling occur where the main beam of one of the two antennas approximately faces the center of the other antenna. Good agreement is observed to coupling level below -45 dB. Fig. 3 illustrates the only example of poor agreement in the cases studied. We note that in this case, the coupling level is extremely low (< -50 dB). Thus the effect of the coupling through the crosspolarized components may be significant and may no longer be negligible. In fact, agreement at these levels in other cases may be fortuitous. We do note that while the shapes of the measured and calculated patterns are dissimilar, the levels are comparable, indicating that the cross-polarized coupling is of the same magnitude as the co-polarized coupling.
Finally, in Fig. 4 , we illustrate the effect of changing XLIM and BFAC. In all previously presented results, calculations were performed with XLIM = BFAC = 2. In this figure we see the results for values of XLIM and BFAC equal to 1 and 2. These results are typical of those obtained for the other cases. The agreement between the various curves is very good up to a transverse displacement of about 1 m. Beyond 1 m, the various examples diverge with the best result, as expected, being for XLIM and BFAC both set to two. We see that the results for XLIM = 1, BFAC = 2, and XLIh4 = 2, BFAC = 1 are essentially identical. This indicates that the size of the increment is more important than the range of the integral since for these two cases the increment is the same, but the limit is larger for the second case as can be seen from (2) and (3).
IV. COUPLING Loss VERSUS RADIAL DISPLACEMENT
As for the transverse case, we begin by briefly reviewing the mathematical results relating to the calculation of coupling versus longitudinal displacement. As discussed by Yaghjian [I] , the calculation may not be completed by simply performing the y transform of (1) because the necessary increment size requires impractical array sizes and computation time, However, the coupling loss satisfies the scalar wave equation, and, as a result, can be expressed in terms of spherical wave functions. Further, since the choice of the polar axis is a r b i t r v , the longitudinal axis may be chosen as the polar axis with the resulting simplified expression for the coupling:
where we have Bn=-(2n+ (i)" s' 12' f ' f P n (cos eo) sin O0 d40 dBo. outgoing waves with the chosen time convention, and P,, (cos 0) is the Legendre polynomial.
A program, CUPLZ, was written to calculate the coupling loss between two antennas as a function of longitudinal displacement employing the above theory. The calculated coupling obtained from this program was compared to the experimentally obtained results.
In Fig. 5 we show a comparison between measured coupling loss and the loss calculated using CUPLZ. Here, the loss was measured exhibit a rapid oscillation due to multiple reflections between the antennas, an effect neglected in the theory. As may be seen, the agreement between the measured and calculated curves is good with the exception of an offset which is similar to that observed in the transverse displacement case.
VI. CONCLUSION
It has been shown that the programs CUPLNF and CUPLZ give good results for predicting the coupling between two antennas in the near-field region. In particular, patterns for displacements in the -transverse direction and the longitudinal direction show excellent agreement except when the coupling level is very low ( > 45 dB). If it is desired to predict coupling to very low levels, or for the more general case where the antenna polarization vectors are not parallel, it will be necessary to include both polarization components of the far field. For some situations, a constant offset was observed, however, it is not great enough to affect the utility of the programs for electromagnetic compatibility purposes.
